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Proper segregation of DNA replication products is
essential in all cells. In Bacillus subtilis, two protein
complexes have been implicated in this process:
the ParAB homologs, Soj and Spo0J, and the bacte-
rial Smc/ScpAB complex, also called condensin.
Here we demonstrate that Smc is highly enriched in
the regionaround theorigin of replication, specifically
near parS sites to which Spo0J binds and at highly
transcribed genes. Furthermore, we find that efficient
recruitment of Smc to a large region around the origin
of replication depends on the presence of Spo0J. We
show that Spo0J performs two independent func-
tions: regulation of initiation of DNA replication via
Soj and promotion of chromosome segregation by
Smc recruitment. Our results demonstrate a direct
functional interaction between two widely conserved
systems involved in chromosome replication and
segregation.
INTRODUCTION
SMC (structural maintenance of chromosomes) proteins and
their binding partners feature key functions in chromosome orga-
nization and segregation inmost prokaryotic and probably all eu-
karyotic organisms. In eukaryotes, diverse processes such as
sister chromatid cohesion, mitotic chromosome condensation,
dosage compensation, and DNA repair require various SMC
complexes that are comprised of different pairs of SMC proteins
(Nasmyth and Haering, 2005). Bacteria in contrast encode only
a single type of SMC protein that forms homodimers and associ-
ateswith the kleisin family protein ScpAandwithScpB (Mascare-
nhas et al., 2002; Soppa et al., 2002). Null mutations in genes of
the bacterial SMC complex generate a phenotype in which
growth is impaired at temperatures above 23C or high growth
rates; chromosome structure is grossly deranged and there are
manyanucleate cells, consistentwith a role in chromosomeorga-
nization and possibly segregation (Britton et al., 1998; Jensen
and Shapiro, 1999; Mascarenhas et al., 2002; Soppa et al.,
2002). E. coli and related bacteria have a divergent SMC relative,called MukBEF, with many phenotypic and biochemical proper-
ties in common with the SMC complex (Danilova et al., 2007;
Niki et al., 1992). The SMC protein forms a 50 nm long coiled-
coil with a hinge domain at one end and an ABC-type ATPase
at the other. Homotypic interactions of the hinge domains
generate V-shaped Smc dimers that are thought to associate
via their ATPase domains with a complex comprised of ScpA
and ScpB to form large proteinaceous rings (Nasmyth and Haer-
ing, 2005; Schleiffer et al., 2003; Woo et al., 2009).
Bacteria have another very highly conserved system thought
to be involved in organization, replication, and segregation of
the chromosome, called the parABS system. These genes are
found right across the bacterial domain and in many archaea,
as well as in some chloroplasts and mitochondria (Gerdes
et al., 2000; Livny et al., 2007). Notable among the bacteria
that do not contain a parABS system are E. coli and other enteric
bacteria of the g-proteobacteria. It is not yet clear how these
organisms manage without the parABS system, but it is inter-
esting that the same group of organisms have a highly divergent
SMC complex made up of proteins MukB, E, and F (Soppa,
2001). Where present, the parABS genes are almost invariably
located close to the single origin of chromosome replication,
oriC (Livny et al., 2007), from which bidirectional replication of
the whole chromosome is achieved. They are also found on
many low-copy-number plasmids, including those of enteric
bacteria (e.g., F and P1), where they are crucial for stable inher-
itance of the plasmid (Gerdes et al., 2000).
ParB is a site-specific DNA-binding protein of an unusual kind
that binds to preferred sequences called parS sites and then
spreads laterally along the DNA, perhaps for several kbp (Breier
and Grossman, 2007; Lin and Grossman, 1998; Murray et al.,
2006; Rodionov and Yarmolinsky, 2004). Structurally, ParB
belongs to thehelix-turn-helix family of site-specificDNA-binding
proteins (Leonard et al., 2004). Clusters ofparS sites are generally
found in the vicinity of the replication origin and are thought to
confer centromere activity on their replicon (Livny et al., 2007,
Yamaichi and Niki, 2000).
ParA belongs to a superfamily of proteins involved in various
aspects of the cell cycle and cell morphogenesis. They have
a ‘‘deviant Walker box’’ character, and ATP binding and hydro-
lysis are used to regulate their various activities, often involving
different functions for monomeric and dimeric forms (Leonard
et al., 2005). In vitro experiments have shown that, at least forCell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc. 685
the Thermus thermophilus proteins, ParA ATP hydrolysis can be
stimulated by interaction with ParB, providing a possible regula-
tory mechanism for the system (Leonard et al., 2005).
Understanding the precise role of theparABS systemhas been
impaired by the diverse and highly pleiotropic nature of mutants
affected in the parA and parB genes. Thus, in B. subtilis, muta-
tions in spo0J (parB) have only a mild disturbance of chromo-
some organization and segregation, but they are severely
affected in sporulation (Autret et al., 2001; Ireton et al., 1994).
Other bacteria have been reported to be affected in growth,
shape, motility, pathogenesis, etc. (Lasocki et al., 2007; Mohl
et al., 2001). InB. subtilis the sporulation phenotype is dependent
on soj (parA), which genetically acts as an inhibitor of sporulation
(Ireton et al., 1994). Thus mutants fail to sporulate because Soj
accumulates in an inhibitory form. Mutation of soj (suppressor
of spo0J; Ireton et al., 1994) suppresses the spo0Jdefect byelim-
inating the inhibitor. Recent work has clarified the situation by
showing that Soj is a key regulator of the intiation of chromosome
replication acting directly on the master initiator protein, DnaA
(Murray and Errington, 2008). In its ATP-dimer form, which accu-
mulates in the absence of Spo0J, Soj stimulates DNA replication
via DnaA,which in turn activates a sporulation checkpoint protein
Sda (Burkholder et al., 2001) that blocks sporulation.
The parABS and smc systems of bacteria are thought to have
roles in one ormore elements of chromosome organization, repli-
cation, and segregation, but their precise roles remain poorly
understood. Here we build on previous work to demonstrate
that Smc and ScpA proteins, at least, are specifically recruited
to the oriC region of the chromosome and remain there
throughout the cell cycle. By investigating the DNA sequences
needed for this recruitmentwedemonstrate that there are at least
twodistinct pathwaysof recruitment.Oneprobably involves tran-
scription of highly expressed genes, most of which are located
close to the origin of replication. The other depends on Spo0J/
ParB protein, bound to parS sites and acting independently of
Soj/ParA. We show that Spo0J has two distinct functions: regu-
lation of Soj, leading to control of chromosome replication and
regulation of sporulation; and recruitment of the SMC complex
to the oriC region, needed for proper organization of the chromo-
some. These results link two of the major conserved families of
proteins involved in chromosome maintenance and inheritance
and provide new insights into the function of ParB proteins.
RESULTS
Smc Protein Accumulates at the Origin of Replication
Region
It has previously been shown that Smc proteins form 2–4
discrete foci within a cell. However, there has been disagree-
ment about the precise location of these foci relative to other
cellular structures (Lindow et al., 2002; Mascarenhas et al.,
2002). To clarify this matter, we fused the smc gene to gfp at
its endogenous locus. The constructs appeared to be fully func-
tional as judged by ability to grow on rich medium at 37C and
lack of a significant chromosome segregation or organization
defect. Fluorescence microscopy of the cells revealed the pres-
ence of clear Smc foci localized mostly near the outer edges of
nucleoids as previously reported by Mascarenhas et al. (2002),686 Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc.similar to the pattern seen for fluorescent tags that label the
origin of replication. To test directly whether Smc colocalizes
with the origin of replication region, we visualized Smc-GFP in
a strain producing mCherry-labeled Spo0J. As shown in the
typical example Figure 1A, Smc-GFP foci are similar in number
and position to Spo0J-mCherry foci, in accordance with the
results of Mascarenhas et al. (2002).
Tomore precisely delineate the location of Smcproteins on the
chromosome we used chromatin-endogenous-cleavage (ChEC)
(Schmid et al., 2004). Micrococcal nuclease (MN), a strictly Ca2+-
dependent nuclease, was fused to the C terminus of Smc. MN is
normally inactivewithin cells because of the low levels of intracel-
lular Ca2+. After permeabilization of the cell membrane by the
detergent digitonin and addition of Ca2+, MN becomes active
and cleaves DNA in its vicinity. The degradation of genomic
DNAbySmc-MNwas observed by field inversion gel electropho-
resis (FIGE) andSouthern blotting (Figure 1B). GenomicDNAwas
retained in the agarose plug in cells with no MN fusion protein
(Figure S1A available online) or when cells were not treated with
Ca2+ (Figure 1B, left panel, samples D or 0 min time point).
Upon addition of Ca2+ to cells bearing Smc-MN fusion proteins,
genomic DNA was degraded, within minutes, to fragments
ranging from smaller than 5 kbp to larger than 100 kbp. Incom-
plete lysis or permeabilization resulted in some DNA being
retained in the wells in all samples. Using Southern probes
specific to different regions of the chromosome (Figures 1B
and S1), we found that DNA close to the origin (e.g., probed by
yaaC) was digestedmuch faster than DNA distant from the origin
of replication (e.g., proH, fliY, and addA). After 10 min of incuba-
tion with Ca2+, almost all yaaC containing DNA in Smc-MN cells
was digested into small fragments (<25 kbp) indicating that
yaaC DNA and Smc protein are in close proximity in most or all
of the cells. Because the cells used in this experiment repre-
sented a mixture of all stages of the replication cycle, this result
implies that Smc proteins are closely associated with DNA from
the origin of replication region throughout the replication cycle,
in support of the imaging data described above. Similar results
were obtained when MN was fused to Spo0J, a protein known
to bind in the origin region (Figure 1B; Breier and Grossman,
2007). In contrast, fusion of MN to GFP did not result in preferen-
tial cleavage of origin proximal DNA (Figure S1C).
To obtain a higher resolutionmap of the distribution of Smcwe
applied chromatin immunoprecipitation (ChIP) using a TAP-
tagged (Rigaut et al., 1999) version of Smc. Wild-type and
Smc-TAP tagged strains were grown to exponential phase in
minimal medium at 37C, fixed with formaldehyde, and sub-
jected to ChIP using antibodies coupled to magnetic beads.
The relative amounts of DNA in the input and eluate fractions
were analyzed by real-time PCR with primer pairs specific for
different loci near the origin of replication, loci around the left
and right arms of the chromosome (glgC and opuAB, ftsZ and
cheC, respectively), and also one at the terminus of replication
(yocGH). Untagged Smc precipitated very little DNA under these
conditions (Figure 1C, gray bars). In contrast, Smc-TAP protein
efficiently pulled down DNA from the origin region (black bars).
In particular, DNA from the 10 kbp stretch between oriC and
the parS site in the spo0J gene (parS-359) was highly enriched
in the eluate fraction, suggesting that there are specific DNA
Figure 1. Smc Localizes to the Origin of Replication Region
(A) Smc-GFP partially colocalizes with Spo0J-mCherry. Cells of strain BSG302 (spo0J-mCherry, smc-gfp) were grown in minimal medium at 30C.
(B) Micrococcal nuclease fused to Smc or Spo0J preferentially cleaves DNA close to the origin of replication. Cells of strains BSG50 (spo0J-MN) and BSG40
(smc-MN) were grown in LB medium at 37C, washed, permeabilized by digitonin (D), and treated with 1 mM CaCl2. Samples were taken and analyzed by
FIGE and Southern blotting using probes close to the origin (yaaC) and terminus of replication (proH). The band running at about 100 kb presumably represents
very large DNA fragments (>200 kb) (Sanseau et al., 1990).
(C) Chromatin immunoprecipitation (ChIP) using Smc-TAP enriches for DNA at and around the origin of replication. Cells of strains BSG2 (smc) and BSG95 (smc-
tap) were grown in exponential phase in minimal medium, fixed with formaldehyde, and subjected to ChIP using IgG-coupled beads. Input and eluate DNA
samples were analyzed by real-time PCR. Pull-down efficiency (ChIP-DNA/input-DNA *100) is plotted for each primer pair. Error bars indicate the standard devi-
ation from the mean calculated from two independent replicates.sequences in this region that directly or indirectly recruit the SMC
complex. Similar results were obtained with a Pk-epitope-
tagged version of Smc (see below).
To examine the distribution of Smc in a chromosome-wide
manner we combined chromatin immunoprecipitation with
hybridization to a high-density oligonucleotide array (ChIP-on-
chip). DNA from the input and eluate fractions of ChIP experi-
ments using Smc-TAP was amplified, labeled, and hybridized
to Nimblegen tiling arrays. The ratio of intensities of eluate and
input DNA was plotted against the position on the chromosome
(Figure 2A). Smcwas enriched in wide peaks around the origin of
replication. In addition, Smc also accumulated in narrower peaks
at several sites on the left and right arms of the chromosome.
No highly enriched sites were detected in one half of the chromo-
some located opposite to the origin of replication (0.9–2.7 Mb).
In a region of about 20 kb to the left and the right of oriC, DNA
was generally enriched more than 3-fold in the IP fraction(Figure 2B). Smc was even more abundant at positions of highly
transcribed genes within this region (rrnO, trnSL, rpsR-F, and
rpmH) and in about 10 kb stretches around parS-359 and oriC.
These findings are in agreement with ChIP results obtained
with Smc-TAP and Smc-Pk3 strains (Figures 1C, 3A, and 3D).
The Smc-enriched positions on the chromosome arms coincide
with parS sites or genes that are known to be highly expressed.
Thus, all seven rRNA gene loci of the B. subtilis chromosome are
associated with high levels of Smc (e.g., Figure 2C, rrnB). Simi-
larly, tRNA genes, except those that are located near the
terminus, are enriched in Smc (e.g., Figure 2E, trnS). Smc also
accumulates at most ribosomal protein genes and other highly
expressed genes like the operon encoding components of the
ATP synthase (Figure 2A). This suggests that there might be
two mechanisms that recruit Smc to the chromosome: one
that functions at or close to the origin of replication and another
one at sites of transcription.Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc. 687
Figure 2. Smc Is Enriched at the Origin of Replication Region and at Sites of Active Transcription
(A) ChIP-on-chip analysis of the distribution of Smc on the Bacillus subtilis chromosome. Cells of strain BSG95 (smc-tap) were grown in exponential phase in LB
medium at 37C and subjected to ChIP and microarray analysis. Enrichment in the eluate fraction relative to the input DNA sample is shown for the length of the
circular chromosome starting with the terminus of replication. Gene names indicate highly enriched stretches of the chromosome. Stars represent parS sites.
Areas shown in (B)–(E) are highlighted in red.
(B–E) Close-up view of the distribution of Smc around oriC (B), an rRNA locus (C), a parS site (D), and a tRNA locus (E). Each dot represents the average of five
oligonucleotide probes in log2 scale. Highly transcribed structural RNA genes (red) and ribosomal protein genes (green) are highlighted. The positions of parS
sites are indicated by red triangles and the areas enriched in Spo0J protein (Breier and Grossman, 2007) are marked by red horizontal bars.Spo0J Bound to parS Sites Is Required for Efficient
Recruitment of Smc to the oriC Region
We suspected that either Spo0J bound to parS sites or proteins
(e.g., DnaA) bound to oriC itself might be involved in the recruit-
ment of SMC complexes to the oriC region. To test whether the
recruitment of Smc to parS-359was dependent on the proximity
to oriC (and vice versa), we increased the distance between
parS-359 and oriC on the chromosome by inverting a roughly
300 kb long fragment of the chromosome including oriC but
not parS-359 (Wu and Errington, 2002). In the resulting strain
oriC is separated from the parS-359 site by >300 kbp of DNA
(see scheme in Figure 3A). We introduced Smc-Pk3 into the
strain and performed ChIP analysis as described above. Inser-
tion of the recombination cassettes between ycgA and amhX
loci and noc and yyaB loci increased the binding of Smc to
spo0J and soj genes somewhat but did not change the overall
pattern of Smc distribution over the origin region (Figure 3A,
left and middle set of bars). More interestingly, inversion of the
300 kbp segment in this strain led to a 3- to 5-fold increase of688 Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc.Smc bound to the spo0J gene and its neighboring genes and
a 2-fold decrease of Smc bound to the dnaA gene, which is
located next to oriC (Figure 3A, right set of bars). This result
implies that the spo0J region can recruit Smc independent of
the proximity of the origin of replication and also that binding
of Smc to the oriC region might be largely dependent on
sequences in the vicinity of spo0J.
As amoredirect test of the involvement of Spo0J in recruitment
of Smc to the oriC region we tried to introduce the smc-gfp or
smc-pk3 constructs into a spo0J deletion background. To our
surprise we found that these combinations of genetic modifica-
tions were synthetic lethal (for Pk3) or sick (for GFP), probably
due to reduced accumulation of the Smc fusion proteins at the
origin region in Dspo0J cells (see below). To counter this pheno-
typeanadditional copyof smc (smc-tap), under its ownpromoter,
was cloned at the amyE locus. Smc-GFP formed normal looking
foci in the presence of a TAP-tagged copy of Smc (Figure 3B).
Interestingly, in the absence of Spo0J most Smc-GFP was
distributed uniformly in the cytoplasm (Figure 3C). No bright
Figure 3. Spo0J Proteins Bound to parS Sites Are Required for Efficient Targeting of Smc to the Origin Region
(A) Smc proteins are efficiently recruited to the spo0J-soj locus when it is separated from the oriC by more that 300 kb of chromosomal DNA. Cells of strains
BSG67 (smc-Pk3), BSG81 (smc-Pk3, yyaB::tet-‘neo::noc, amxH::neo’-spec::ycgA), and BSG82 (smc-Pk3, yyaB::tet-neo::amxH, noc::‘neo’-SpecR::ycgA;
inversion of region between noc and amxH) were grown in exponential phase in LB medium at 37C and subjected to ChIP using a-Pk antibodies. The schemes
illustrate the region containing oriC but not parS-359 that is inverted in strain BSG82. parS sites 16, 40, 334, 354, 355 are indicated by gray ovals.
(B and C) Smc focus formation is largely disrupted in the absence of spo0J. Cells of strains BSG249 (smc-gfp, amyE::smc-tap, spo0J::neo) (shown in B) and
BSG250 (smc-gfp, amyE::smc-tap, Dspo0J::neo) (shown in C) were grown in minimal medium at 30C.
(D) Spo0J is required for the localization of Smc to the origin of replication region. Cells of strains BSG2, BSG95, and BSG291 (smc, Dspo0J), BSG292 (smc-tap,
Dspo0J) were grown and subjected to ChIP as in Figure 1C. Error bars indicate the standard deviation from themean calculated from two independent replicates.
(E) parS-359 is required for efficient recruitment of Smc to the spo0J-soj locus. Cells of strains BSG88 (spo0J(mtparS-359), smc), BSG89 (spo0J(parS-359), smc-
Pk3), and BSG90 (spo0J(mtparS-359), smc-Pk3) were grown and subjected to ChIP as in Figure 3A.Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc. 689
foci were observed; however, a few faint foci were evident. These
results supported the idea that Spo0J is required for efficient
recruitment of Smc to the oriC region.
Next, we wanted to test whether deletion of spo0J affects the
binding efficiency of Smc to specific regions of the chromosome.
Introduction of smc-tap into spo0J null cells had no obvious
adverse effect on growth and chromosome segregation, sug-
gesting that the smc-tap allele is fully or at least to a large extent
functional. We tested for efficiency of chromatin immunoprecip-
itation at different positions of the chromosome in the presence
and absence of Spo0J (Figure 3D). In the presence of Spo0J,
Smc was highly enriched at the oriC region and at the highly
transcribed rRNA locus, rrnB, and at the tRNA cluster, trnS
(Figure 3D, left). These results are consistent with the ChIP-on-
chip data discussed above (Figure 2A). In the absence of Spo0J,
however, Smc levels were drastically reduced at all positions
tested within a large region around oriC (1 Mb). For example,
association of Smc with the parS-359 site was more than
10-fold lower when Spo0J proteinwas absent. In contrast, genes
further distant from oriCwere only modestly or not at all affected
by the deletion of spo0J (e.g., rrnB, ftsZ, cheC, and yocGH).
Overall, levels of Smc near the origin and terminus of replication
were comparable in the absence of Spo0J, meaning that the
enrichment of Smc at the origin is in large part dependent on
the function of Spo0J. This finding suggests that Spo0J is
required for recruitment of Smc not only to Spo0J-bound DNA
fragments but to a large portion of the chromosome, possible
implying that Spo0J proteins bound to DNA function as loading
platforms for Smc complexes that can then diffuse along the
chromosome. Importantly, Smc was still highly enriched at sites
of active transcription in the absence of Spo0J (Figure 3D, rrnB
and trnS), demonstrating that Smc accumulates at these sites
independent of Spo0J. The faint foci of Smc-GFP observed in
spo0J null cells might thus represent Smc complexes bound to
clusters of rRNA, tRNA, and ribosomal protein genes (Figure 3C).
As mentioned above, Spo0J binding to the oriC region is
directed by parS sites, which are scattered around the oriC
region, but the closest of them to oriC is the one (parS-359)
located within the spo0J coding region (Breier and Grossman,
2007). As a more specific test of the importance of this site for
Smc recruitment, we made use of a construct in which the
parS-binding site in spo0J had been mutated without affecting
the sequence of the Spo0J protein (Lin and Grossman, 1998).
Binding of Spo0J to the spo0J-soj locus is abolished in this
mutant strain (Breier and Grossman, 2007). We found that
when the parS-359 site was inactivated the recruitment of Smc
was reduced 4- to 5-fold at spo0J and the adjacent soj locus.
Binding to oriC was also reduced but only by less than 2-fold.
In contrast, binding to more distant parS sites (parS-356 or
parS-4) was largely unaffected (Figure 3E). This suggests that
Spo0J bound at and around the parS-359 site plays an important
role in recruitment of Smc protein.
The spo0J-soj Operon Is Sufficient to Target
Smc to a Locus on a Chromosome Arm or Plasmid
To test whether the spo0J-parS system is sufficient for recruit-
ment of Smc to the chromosome, a 2.3 kbp DNA region contain-
ing the yyaB, soj, and spo0J open reading frames was deleted690 Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc.from its endogenous position and inserted into the amyE gene,
which is normally associated with little Smc (328 kbp to the right
of oriC, Figure 4A). Using ChIP with Smc-Pk3 we found that
similar levels of Smc were associated with the spo0J and soj
genes when they were placed at the endogenous position or at
amyE (Figure 4A, left and right set of bars). About 3-fold less
Smc was bound to the noc locus when its neighboring genes
were removed, suggesting that spreading of Spo0J from the
parS-359 site to nocmight be responsible for the efficient binding
of Smc to noc DNA. Interestingly, more Smc was bound to the
parS-359 site than to the parS-356 site even when parS-359
was moved away from the origin of replication. This might be
caused by a higher level of Spo0J protein bound to parS-359
(BreierandGrossman,2007)orbyanadditional sequenceelement
in the spo0J-soj-yyaB locus that assists the recruitment of Smc.
It was still conceivable that Smc bound to the spo0J-soj genes
at the amyE locus is loaded onto the chromosome at another
position and slides along the chromosomal DNA molecule to
the parS-359 site. To exclude this possibility we transferred the
spo0J-soj operon onto the low-copy-number plasmid, pLOSS
(Claessen et al., 2008), and tested whether Smc-TAP is effi-
ciently recruited to the plasmid-borne spo0J-soj operon. An
empty pLOSS plasmid had little or no Smc protein bound to
the DnaA-dependent pLS20 origin of replication (Figure 4B, left
half). When spo0J-soj was present on the pLOSS plasmid,
Smc was associated with the spo0J-soj operon to an extent
comparable to that of its native locus (Figure 4B). Interestingly,
some Smc was also bound to the pLS20 origin of replication
when the spo0J gene was present on the plasmid, implying
that the spreading of Spo0J from the parS site allows association
of Smc with the plasmid origin, or that the SMC complex itself
can spread from the parS site to the plasmid’s origin of replica-
tion. These results demonstrate that a 2 kbp DNA stretch
containing soj, spo0J, and parS-359 is sufficient for efficient
recruitment of Smc proteins to DNA.
Hypomorphic Mutants of smc Are Synthetic Lethal
with Dspo0J
The experiments described above establish a direct or indirect
link between the SMC complex and Spo0J protein bound to its
parS site. However, the functional significance of this interaction
remained unclear. Null mutants of smc are unable to grow at
higher temperatures on rich medium and frequently form anu-
cleate cells even under slow growth conditions (Britton et al.,
1998). In contrast, spo0J null mutants can grow on rich medium
at elevated temperatures, although they exhibit mild chromo-
some segregation defects including the formation of a relatively
small number of anucleate cells (Autret et al., 2001; Ireton et al.,
1994). This suggests that in the absence of Spo0J, Smc can still
exert its essential function, at least to some extent. Interestingly,
asmentioned above, whenwe tried to delete the spo0J-soj-yyaB
locus in strains that contain smc-gfp or smc-pk3 as the only copy
of the smc gene, we found that these strains are very sick or invi-
able, respectively, under normal growth conditions. The viability
of theDspo0J, smc-pk3 strain could be restored by the presence
of the low-copy-number plasmid pLOSS containing either soj+-
spo0J+ or smc+ (Figures 5A and 5B). The unstable pLOSS
plasmid carries a lacZ gene, which turns colonies containing
Figure 4. The spo0J-soj Operon Is Sufficient to Efficiently Target Smc to a Different Region of the Chromosome and to a Plasmid
(A) Smc proteins are recruited to the spo0J-soj-yyaB region when it is relocated to amyE (+328 kb). ChIP was preformed on strains BSG67, BSG118 (D(yyaB-soj-
spo0J), amyE::(yyaB-soj-spo0J)), and BSG120 (D(yyaB-soj-spo0J), amyE::(yyaB-soj-spo0J), smc-Pk3) as described in Figure 3A. X indicates that ‘‘amyE’’ is dis-
rupted in strains BSG118 and BSG120.
(B) Smc is recruited to a low-copy plasmid carrying the spo0J-soj operon. Strains BSG131 (pLOSS, smc-tap), BSG132 (pLOSS, smc-Pk3), BSG293 (D(yyaB-soj-
spo0J), pLOSS(soj+-spo0J+), smc), and BSG294 (D(yyaB-soj-spo0J), pLOSS(soj+-spo0J+), smc-tap) were subjected to ChIP using a-Pk antibodies. Error bars
indicate the standard deviation from the mean calculated from two independent replicates.the plasmid blue in the presence of X-Gal. pLOSS (soj+-spo0J+)
was retained in all colonies in a strain containing the smc-pk3
allele and deleted for yyaB-soj-spo0J (Figure 5A, #3) but readily
lost in equivalent cells with either an unmodified smc+ locus (#1)
or an erm marker insertion downstream of the smc-ftsY operon
(chr::erm; #2).
We then tested whether deletion of either spo0J or soj alone
had a similar effect on the viability of smc-pk3 strains (Figure 5B).
Previous work had shown that deletions of either spo0J or soj, or
both spo0J and soj, have similar effects on the formation of anu-
cleate cells in the complete absence of smc (Lee and Grossman,
2006), implying that loss of spo0J has little or no detrimental
effect in cells lacking soj and smc. Based on the findings of Mur-
ray and Errington (2008) we suggest that this synthetic pheno-
type is due to the loss of Soj, or trapping Soj in the ATP-dimer
form (in the absence of spo0J), leading to overinitiation of repli-
cation. Surprisingly, we found that deletion of spo0J or spo0J
and soj is lethal in the smc-Pk3 background (#5 and #7 strains
produced only blue colonies), whereas deletion of soj only (#6)
is not, and white colonies are formed at a rate similar to that in
the wild-type control (#4). Taken together, these results strongly
suggest that Spo0J possesses an Smc-dependent, but Soj-
independent, function in chromosome segregation.The simplest explanation for the lethality caused by combina-
tion of the smc-pk3 and Dspo0J alleles was that both affect the
levels of Smcprotein bound to the chromosome.Weused a func-
tional ScpA-tagged protein to test the notion that the Pk3 tag on
Smc reduces accumulation of the SMCcomplex. First, we tested
whether ChIP with anti-HA antibodies on a strain with the
scpA(HA3) allele gave a pattern, similar to that of smc-pk3 or
smc-tap experiments. We found that ScpA(HA3) (and also
ScpA(Pk3); see Figure S2A) was enriched at the oriC region
compared to the terminus of replication (Figure 5C); however,
the level of enrichment was less pronounced than in the case
of Smc. We then tested ScpA-HA3 ChIP in a strain with the
smc-pk3 allele, rather than wild-type smc (Figure 5C, right).
The relative distribution of ScpA was almost unchanged across
the oriC region, but overall levels were about 2-fold less at all
tested positions. This was consistent with the smc-pk3 allele
giving reduced levels of SMC complexes on the chromosome
and that it is this reduction that generates lethality in the absence
of Spo0J protein.
Detection of Smc-Spo0J Interaction In Vivo
To test whether the recruitment of Smc to the oriC region might
involve an interaction between Spo0J and Smc, His-taggedCell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc. 691
versions of Spo0J and its paralog Noc were used to purify
protein complexes from B. subtilis cells after crosslinking with
formaldehyde. Similar levels of Noc-His and Spo0J-His were
detected in the eluate fractions by silver staining (Figure 5D).
Very little Smc was copurified with Noc as judged by blotting
with a-smc antibodies. In contrast, purification using Spo0J
recovered a significant proportion of Smc (1%) even after
nuclease digestion of DNA, consistent with the notion that Smc
forms a complex with Spo0J.
Figure 5. smc-Pk3 and Dspo0J Are
Synthetic Lethal under Standard Growth
Conditions
(A and B) spo0J but not soj is essential in a strain
containing the smc-Pk3 gene as the sole source
of Smc.
(A) The following strains were grown on nutrient
agar plates containing X-Gal: BSG121 (D(yyaB-
soj-spo0J), pLOSS(soj+-spo0J+)), BSG122, and
BSG123.
(B) As in (A) using strains BSG246 (smc-Pk3::erm,
pLOSS(smc+), spo0J+::neo), BSG139 (smc-
Pk3::erm, pLOSS(smc+), Dspo0J::neo), BSG247
(smc-Pk3::erm, pLOSS(smc+), Dsoj::neo), and
BSG248 (smc-Pk3::erm, pLOSS(smc+), D(soj-
spo0J)::neo).
(C) Tagging of Smc with Pk3 reduces the levels of
ScpA bound to the chromosome. Strains BSG163
(scpA(HA3)), BSG67, and BSG168 (scpA(HA3),
smc-Pk3) were subjected to ChIP using a-HA anti-
bodies.
(D) Smc is efficiently crosslinked to Spo0J-
HISx12. Strains BSG1 (wild-type), BSG304
(spo0J-HISx12), and BSG305 (noc-HISx12) were
grown in exponential phase in LB medium at
30C, crosslinked, and subjected to HIS tag purifi-
cation. Pull-down fractions treated with or without
nuclease and input samples (1% equivalent) were
separated by SDS-page and immunoblotted using
a-smc antibodies. Pull-down fractions treated
with benzonase were analyzed by silver staining
of SDS-page gels.
Point Mutations in spo0J Can
Separate Functions in
Chromosome Segregation
and the Regulation of DNA
Replication Initiation
On the basis of the above results and
previous work, Spo0J seems to perform
at least two independent functions. First,
it prevents overinitiation of DNA replica-
tion by inhibiting Soj activation and
thus allows cells to undergo sporulation
(Murray and Errington, 2008). Second, it
now appears that it helps chromosomes
to segregate properly by recruiting the
SMC complex to the origin region. If
these represent truly independent func-
tions we should be able to isolate muta-
tions in spo0J that affect one but not the
other of its functions. spo0J was mutagenized in cells carrying
the smc-pk3 allele, suppressed by pLOSS(smc+). We screened
for colonies that failed to sporulate but allowed pLOSS(smc+)
to be lost and for strains that sporulated normally but retained
pLOSS(smc+). From more than one thousand transformants
screened we recovered three mutants for each of the two
classes. Figure 6 shows each mutation in the Dspo0J back-
ground that tests for the sporulation phenotype (panel A; sporu-
lating cultures appear opaque due to the presence of abundant692 Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc.
Figure 6. Isolation of spo0J Mutants
Affected in the Regulation of Replication
Initiation or Chromosome Segregation
(A) Strains BSG251 (Dspo0J, amyE::spo0J) (wt),
BSG252 ((Dspo0J, amyE) (Dspo0J), and
BSG253-258 (Dspo0J, amyE::spo0J*) (#1–#6)
were grown on a nutrient agar plate. Asterisks indi-
cate different alleles of spo0J.
(B) Strains BSG261 (Dspo0J, amyE::spo0J,
pLOSS(smc+), smc-Pk3) (wt), BSG173 (Dspo0J,
amyE, pLOSS(smc+), smc-Pk3) (Dspo0J), and
BSG262-267 (Dspo0J, amyE::spo0J*, pLOSS
(smc+), smc-Pk3) (#1–#6) were grown on a nutrient
agar plate containing X-Gal.
(C) Sporulation efficiencies of spo0J mutants. The
number of viable spores per ml of culture is indi-
cated in percentage of the wild-type value.
(D) Sequence alignment of N-terminal, soj-regu-
lating peptides in Spo0J. Species lacking obvious
soj homologs are highlighted in red. Residues
mutated in spo0Jspo mutants are indicated by
arrows. Abbreviations of species: Bs, B. subtilis;
Gk,G.klaustrophilus;Ba,B.anthracis; Li,L. inocula;
Ef, E. faecalis; Ls, L. salivarius; Sp, S. pneumoniae;
Ll, L. lactis; Sa, S. aureus; Ct, C. tetani; Tt,
T. thermophilus.
(E) Subcellular localization of mutant Spo0J
proteins. Strains BSG274 (Dspo0J, amyE::spo0J-
gfp), BSG275 (Dspo0J, amyE::spo0J(N112S)-gfp),
and BSG276 (Dspo0J, amyE::spo0J(R149G)-gfp)
were grown in minimal medium at 37C.
(F) Localization of Smc-GFP in spo0J mutant
strains. Strains BSG268 (smc-gfp, pLOSS(smc),
Dspo0J, amyE::spo0J), BSG272 (smc-gfp,
pLOSS(smc), Dspo0J, amyE::spo0J(N112S)), and
BSG273 (smc-gfp, pLOSS(smc), Dspo0J, amyE::
spo0J(R149G)) were grown at 30C in minimal
medium.spores) and for synthetic lethality (panel B; blue colonies indicate
the retention of pLOSS(smc+). Three spo0J mutants (#1 to #3)
were severely affected in sporulation, with a 1,000- to 10,000-
fold reduction in viable spores per ml of culture, compared to
the wild-type (Figure 6C). However, in the smc-pk3 background
these mutations had no effect on the retention of pLOSS(smc+)
(Figure 6B). DNA sequencing revealed that all three spo0J alleles
(#1 to #3) carried mutations affecting one or other of the highly
conserved leucine residue in the extreme N-terminal region of
Spo0J (Figure 6D), suggesting that this region of Spo0J may
be involved in the regulation of Soj (see Discussion). These
spo0Jmutants demonstrate that the function of Spo0J in regula-
tion of the initiation of DNA replication is separable from
its activity in chromosome segregation and therefore that the
regulation of Soj by Spo0J is dispensible for its Smc-dependent
function.
spo0J Point Mutants Synthetic Lethal with Smc-Pk3
Do Not Localize Smc to the Origin Region
Three spo0J mutants (#4–#6) showed increased retention of
pLOSS(smc+). #4 and #6 sometimes formed small colonies inthe absence of pLOSS(smc+), suggesting that these mutants
are synthetic sick but not lethal with smc-pk3 (Figure 6A). Mutant
#5 only formed colonies when pLOSS(smc+) was present, and
interestingly, colonies from this mutant were generally darker
blue then colonies from the null mutant strain, suggesting that
these cells only survive if they have higher than normal levels
of pLOSS(smc+). All three spo0J mutants (#4 to #6) were able
to sporulate efficiently (Figure 6A) producing viable spores at
roughly 25% of wild-type levels (Figure 6C). DNA sequencing
revealed that mutants #4 and #6 carry the same substitution of
a conserved residue (N112S) in addition to conservative muta-
tions unique to either one or the other mutant (not shown in
Figure 6C). The side chain of residue N112 is located at the inter-
face between two monomers in the Spo0J dimer (Figure S4A)
forming hydrogen bonds with a conserved arginine residue
(R39) of the partner Spo0J protein and might thus be required
for normal dimer formation. spo0Jmutant #5 contains a substitu-
tion of a conserved arginine residue (R149) lying on the surface of
the helix-turn-helix DNA-binding motif of Spo0J, suggesting that
mutant #5 might be defective in the specificity of DNA binding of
Spo0J dimers (Figure S4B).Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc. 693
Next, we determined whether these mutant Spo0J proteins
are still able to form foci in living cells. We made gfp fusions
to wild-type and mutant spo0J genes inserted at amyE and
observed the localization of the Spo0J-GFP fusion proteins
by fluorescence microscopy. Wild-type Spo0J formed bright
GFP foci when expressed from the amyE locus (Figure 6E). In
contrast, mutant proteins Spo0J-N112S and Spo0J-R149G
showed a much more fuzzy localization, though faint foci
were still detectable, suggesting that they have reduced
DNA binding or lateral spreading activity. Nevertheless, they
presumably retain whatever activity is needed for interaction
with and regulation of Soj, allowing proper induction of
sporulation.
Finally, we localized Smc-GFP proteins in cells carrying
mutant spo0J genes and the pLOSS(smc+) plasmid. Smc-GFP
formed foci when wild-type Spo0J was expressed from the
amyE locus (Figure 6F). In spo0J(N112S) and spo0J(R149G)
cells, however, Smc-GFP was again much more dispersed
throughout the cell, with only occasional faint foci, similar to
a complete null mutant of spo0J (Figures 6F and 3C). This is
consistent with the notion that recruitment of Smc to the oriC
region by Spo0J is essential in strains having slightly compro-
mised levels of SMC complexes on the chromosome.
DISCUSSION
SMC Complex Is Recruited to the oriC Region
SMC proteins play a range of crucial functions in the eukaryotic
cell cycle (Nasmyth and Haering, 2005), but the precise function
of the highly conserved SMC proteins in bacteria remains
unclear. The location of the complex on the bacterial chromo-
some might provide insights into its function and exclude certain
models of how it works. Several lines of evidence presented
in this paper suggest that most sites of interaction of Smc with
DNA lie in and around the oriC region. Similar conclusions
were also made for the distantly related MukB protein of
E. coli (Danilova et al., 2007), which may have a similar role to
Smc in chromosome biology. The fact that SMC complexes
are highly enriched at the region around the origin of replication
might indicate that they are directly involved in proper segre-
gation rather then global organization or condensation of
chromosomes.
Crucial Role for Spo0J in Recruitment of Smc
to the oriC Region
Several lines of evidence show that Spo0J is an important player
in recruiting Smc to the oriC region. Spo0J appears to be
required for the efficient accumulation of Smc not only at chro-
mosomal sites occupied by Spo0J but also at more distant loca-
tions (Figure 3D, e.g., yybA and yaaE), suggesting that it might
act as loading factor rather than a static anchor for Smc on the
chromosome. This might explain why Spo0J and Smc foci only
partially overlap with one another and rarely fully colocalize
(Figure 1A). Interaction of Smc complexes with Spo0J bound
to DNA might thus be very dynamic. Nevertheless, a significant
cellular fraction of Smc can be crosslinked to and purified by
Spo0J. It is not yet clear whether the recruitment is based on
a direct interaction between Spo0J and Smc.694 Cell 137, 685–696, May 15, 2009 ª2009 Elsevier Inc.Smc Recruitment to Sites of Active Transcription
on the Bacterial Chromosome
Two considerations suggest that Spo0J-parS is not the only
element that recruits SMC complexes to the B. subtilis chromo-
some. First, spo0Jmutants do not have as severe a segregation
defect as smc or scpA or scpB mutants (Lee and Grossman,
2006). Second, Smc-TAP and ScpA(Pk3) are enriched at highly
transcribed genes even when spo0J is deleted (Figures 3D and
S2). It is not yet clear whether SMC complexes are recruited to
sites of transcription by a specific interaction with a subunit of
the transcription apparatus or by a change in the local confor-
mation of DNA by initiating or ongoing transcription. Interest-
ingly, a eukaryotic SMC complex, condensin, was recently
found to accumulate at highly transcribed genes in S. cerevisiae
and S. pombe, especially at genes transcribed by the RNA poly-
merase III complex but also, e.g., at ribosomal protein genes
transcribed by RNA polymerase II (D’Ambrosio et al., 2008).
This striking similarity between the chromosomal distribution
of the bacterial SMC complex and yeast condensin strongly
suggests that localization of SMC proteins to transcription
sites is a crucial aspect of the activity of these types of SMC
complexes. It also corroborates the view that the bacterial
SMC complex performs functions similar to condensin rather
than cohesin complexes. It will be interesting to dissect whether
Smc complexes recruited to the chromosome by Spo0J and
RNA polymerase function independently from each other or
synergistically.
Regulation of Soj ATPase Activity by the Conserved
N-Terminal Peptide of Spo0J
The specific functions of the parABS system have remained
unclear, despite almost 40 years of endeavor on a wide variety
of plasmid and bacterial systems. We now know that in the
absence of Spo0J, Soj accumulates as an ATP dimer, which
promotes overinitiation of DNA replication (Figure 7). This in
turn blocks sporulation via the Sda checkpoint system (Murray
and Errington, 2008). However, spo0Jmutants were also known
to have a mild chromosome segregation defect. We succeeded
in isolating mutations in spo0J (called spo0Jspo) that specifically
impair sporulation with little or no effect on chromosome
segregation. The two spo0Jspo mutations isolated affect highly
conserved residues in the short N-terminal peptide of Spo0J.
Importantly, Leonard et al. (2005) postulated that this peptide
can reach into the ATP-binding sites of the Soj dimer and
stimulate ATP hydrolysis. The spo0Jspo mutations provide
strong support for this model of Soj regulation. Further support
for this model comes from phylogenetic analysis of the parAB
systems. Most bacteria that have a parB homolog also possess
a clear parA homolog immediately upstream. In the genomes of
a few organisms, notably the Lactococcus, Staphylococcus,
and Streptococcus groups, no parA homolog is detectable.
As shown in Figure 6D, representatives of these three groups
also lack the N-terminal extension in ParB with the conserved
residues that are mutated in the new spo0J mutants. Since
the N-terminal peptide is present in almost all members of
the ParB family, extending right across the bacterial domain, it
is likely that this mechanism for regulation of ParA is also
conserved.
Figure 7. Schematic View of the Proposed
Role of the soj-spo0J System in Control of
Chromosome Replication and SegregationA Pivotal Role for Spo0J in Coupling Chromosome
Replication and Segregation
The second class of mutants, spo0Jseg, had a reciprocal pheno-
type in which sporulation was normal, indicating that regulation
of Soj is retained, but chromosome segregation was perturbed,
probably via impaired SMC function. The existence of this and
the spo0Jspo mutations provides strong support for the notion
that Spo0J has distinct functions in regulation of DNA replication
(via Soj) and chromosome segregation (Figure 7). Our data go
further, in providing a likely explanation for the chromosome
segregation defect. As discussed above, our results suggest
that hypomorphic alleles of smc are synthetic lethal with Dspo0J
because both lesions act to reduce the levels of Smc loaded onto
the oriC region. If this is correct, then the second long-standing
phenotypic consequence of spo0J mutants, the mild chromo-
some segregation defect, may now be explained through
a role in loading of SMC complexes to the oriC region. Since
both parABS and smc systems are widely distributed in biology,
and parABS genes are nearly always close to the oriC region, it
seems likely that this function in loading the SMC complex
may be another universal element of the chromosome replica-
tion/segregation machinery. As illustrated in Figure 7, we can
now explain all of the key phenotypic consequences of soj and
spo0J mutations in B. subtilis, and this system plays a pivotal
role in coupling the mechanisms for initiation of chromosome
replication and chromosome segregation.
EXPERIMENTAL PROCEDURES
Media and Strains
Routine selection and maintenance of E. coli and B. subtilis strains were done
on nutrient agar plates (Oxoid) or in Luria-Bertani (LB) medium. The B. subtilis
strains used are listed in Table S1. The construction of plasmids is described in
the Supplemental Experimental Procedures.
ChEC and ChIP-on-chip
The protocols for ChEC and ChIP were adapted for use inBacillus subtilis from
Schmid et al. (2004) and Gruber et al. (2006), respectively, and are described in
detail in the Supplemental Experimental Procedures. In brief, for ChEC anal-
ysis, strains were grown in exponential phase in LB medium at 37C. Cells
were harvested, permeabilized with digitonin, incubated on ice in the presence
of 2 mM Ca2+, and embedded in agarose plugs. DNA was prepared and
analyzed by field inversion gel electrophoresis. For ChIP analysis, cells were
grown in exponential phase at 37C in LB or SMMmedium and fixedwith form-
aldehyde at room temperature. Walls of fixed cells were digested with lyso-
zyme and genomic DNA was sheared by sonication. Cleared extracts wereprepared by centrifugation and incubated with IgG-coated magnetic beads
for Smc-TAP ChIP and protein G-coupled magnetic beads in the presence
of monoclonal antibodies in the case of a-Pk and a-HA ChIP. Beads were
washed and DNA was eluted. Input and eluate DNA was purified by phenol
extraction and ethanol precipitation and used as template for qPCR using
specific primer pairs (see Table S2) or amplified and labeled by random
priming and hybridized to a tiling array as recommended by Roche Nimblegen
(for details see Supplemental Experimental Procedures).
Microscopy
To visualize cells from exponentially growing cultures, overnight cultures were
diluted 100-fold in fresh SMM (33 CAA) medium and grown for at least three
generations at the indicated temperature. Cells were mounted onto agarose
pads and analyzed as described in Murray and Errington (2008).
Screen for Separation-of-Function Mutants in spo0J
The spo0J-soj operon having soj in-frame deleted including the intergenic
region between soj and yyaB was cloned into pDG3661 lacking the lacZ
gene. A region containing both amyE fragments was mutagenized by amplifi-
cation from the plasmid using Taq DNA polymerase and transformed into
strain BSG139. Transformants were purified by streaking for single colonies
and tested for sporulation on nutrient agar plates and for retention of
pLOSS(smc) on X-Gal containing plates. Genomic DNA from candidates
were isolated and retransformed into strain BSG139.
ACCESSION NUMBERS
Raw data from ChIP-on-chip experiments are deposited at the GEO database
under accession number GSE14693.
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Supplemental Data include Supplemental Experimental Procedures, two
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